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ABSTRACT: Palladium nanoparticles (Pd NPs) were synthesised by the reduction-by-solvent method using polyvi-
nylpirrolidone (PVP) as capping agent. The non-static interaction between PVP and the metallic surface may change the 
properties of the NPs due to the different possible interactions, either through the O or N atoms of the PVP. In order to 
analyse these effects and their repercussion in their catalytic performance, Pd NPs with various PVP/Pd molar ratios (1, 10 
and 20) were prepared, deposited on silica and tested in the formic acid decomposition reaction. The catalytic tests were 
conducted using catalysts prepared by loading NPs with three different time lapses between their purification and their 
deposition on the silica support (1 day, 1 month, and 6 months). CO adsorption, FTIR spectroscopy, XPS and TEM charac-
terisation were used to determine the accessibility of the Pd NPs surface sites, electronic state of Pd and the average NPs 
size, respectively. The H2 production from the formic acid decomposition reaction has a strong dependence with the Pd 
surface features, which in turn are related to the NPs aging time due to the progressive removal of the PVP.
INTRODUCTION 
The use of capping agents, such as surfactants, organic 
ligands or dendrimers, is mandatory for the synthesis of 
stable colloidal metal nanoparticles (NPs), as they com-
pensate the high surface energy of the NPs and protect 
them from aggregation.1,2 Nevertheless, it has also been 
reported that the capping agents used in colloidal synthe-
sis are not merely stabilisers but also effective additives 
which modify the final NPs morphology features, not only 
in terms of NPs size and shape,3–6 but also of electronic 
properties.7–9 Thus, despite this necessity, the impact of 
these molecules once the metal NPs are synthesised is a  
difficult issue, as it will affect the catalytic behaviour of 
metal-based catalytic systems by modifying either the 
NPs physicochemical properties or their accessibility by 
creating a physical barrier that hinders the access of reac-
tants to the surface NPs catalytically active sites.10,11 In this 
respect, the accessibility to the NP surface is strongly 
dependent on the molecular structure of the capping 
agent, as it will determine its conformation once ad-
sorbed on the metal surface.1,12,13 
Due to its high protecting value, non-toxicity and solubili-
ty in many polar solvents, poly-n-vinylpyrrolidone (PVP) 
is one of the most common and widely studied capping 
agents in the synthesis of metal NPs.2,14–16 PVP has been 
proven to modify the NPs electronic properties through a 
charge transfer between the polymer functional groups 
and the metal surface. This was found for different metals 
NPs, such as Pt,7,17 Rh,17 Au,9 Ag18,19 or Pd.8,20,21 Thus, due to 
the impact of the metal surface electronic modification in 
the catalytic performance of many PVP-capped NP-based 
systems, the interaction between chemisorbed PVP mole-
cules and metal surfaces has been widely investigated but 
the nature of the interaction is still a focus of controver-
sy.22 In this sense, some authors reported that PVP mole-
cules anchor on the metal surface through its O atom,9,22 
leading to the charge transfer from the metal surface to 
the polymer, while other authors claimed that the inter-
action is through the N atom, with the subsequent charge 
transfer from the PVP to the metal surface.1,21 Neverthe-
less, according to other studies found in the literature, the 
kind of interaction seems to depend on the metal NPs 
size.21,23 
Regarding the impact of this capping agent on the catalyt-
ic behaviour of the NPs, some authors reported the bene-
ficial aspects of the PVP enhancing the catalytic proper-
 ties compared to pristine NPs due to the above men-
tioned electronic interactions.9,11,20,24,25 However, studies 
found in the literature also addressed that the presence of 
PVP anchored to the NPs surface is responsible of the 
partial blocking of the surface Pd active sites.11,24,26 Both 
aspects are correlated due to their strong influence on the 
catalytic performance of the material but in most cases it 
is very difficult to differentiate their respective contribu-
tion. Along these lines, Zhao et al.24 and Tsunoyama et al.9 
observed that when the NPs surface PVP coverage (term 
used by the authors to explain the coating degree of the 
NP by the capping agent) for their respective Pd and Au 
NPs, increases, the portion of accessible metal active sites 
decreases, while the specific catalytic activity of these 
highly protected sites is higher as compared to the less 
protected NPs. 
The interactions between NPs and PVP molecules (elec-
tronic and anchoring/active sites blocking) cannot be 
considered as a static system even before or after purifica-
tion. Some works reported the gradual and progressive 
dissolution of the capping agent, which initially was pro-
tecting the Pd NPs.27 During dissolution of the PVP the 
already mentioned changes in the NPs (electronic and 
anchoring/active sites blocking) can be modified there-
fore affecting their catalytic behaviour. 
To evaluate this PVP-Pd interaction and study its evolu-
tion over time, a Pd surface-sensitive catalytic reaction 
can be used.28,29 For this purpose, together with the chal-
lenge of H2 production at ambient conditions by the cata-
lytic decomposition of chemical compounds, formic acid 
(FA) decomposition in water solution has been selected as 
model reaction. Due to its safety properties, FA is one of 
the most promising chemical compounds to produce H2 
near hydrogen consumption devices. Furthermore it is a 
nontoxic liquid at room temperature with a density of 1.22 
g/cm3, and can produce a gravimetric and volumetric H2 
capacities of 4.4 wt.% and 52 g/dm3 , respectively.30 Some 
noble metal-based catalysts (Ag, Pt and Pd) are the most 
selective towards H2 production instead of CO and water 
formation (the undesired possible reaction).31–33 Among 
them, Pd is one of the metals with the lowest activation 
energy and most promising TOF values.34,35 The incorpo-
ration of Pd NPs on different supports (carbon, zeolites, 
MOFs or silica) has also been studied in the literature 
with different results depending on the nature of the 
support and the active phases features.36–41 
Herein the evolution of the PVP-Pd interaction over time 
as well as its repercussion on the final catalytic perfor-
mance in the H2 production from the dehydrogenation of 
FA was assessed by synthesising a series of catalysts based 
on PVP-capped Pd NPs supported on a meso- and 
macroporous SiO2. To this end, NPs with different 
PVP/Pd molar ratios and aging times were used. The 
relatively slow kinetic of this reaction and its strong de-
pendence on the Pd surface features enables us to evalu-
ate the pivotal role of the PVP-Pd interaction in the final 
catalytic performance. 
 
EXPERIMENTAL SECTION 
Synthesis of SiO2. The mesoporous silica support was 
prepared adapting a synthetic protocol previously de-
scribed.42,43 For the synthesis, 0.400 g of macroporous 
porogen agent (Pluronic F127), 0.452 g of urea, and 5.052 g 
of acetic acid solution (0.01 M) were mixed under vigor-
ous stirring for 80 min, the final pH of the solution being 
around 4. Then the solution was cooled in an ice−water 
bath maintaining the stirring and the silica precursor 
(2.030 g TMOS) was added dropwise. This solution was 
kept under stirring for 40 min at 0 °C. The sol was intro-
duced in a teflon-lined stainless steel autoclave and it was 
heated at 40 °C for 20 h to produce the aging of the sol 
(the pH after this step was around 4) followed by a hydro-
thermal treatment at 120 °C for 6 h, to cause the urea 
decomposition (the final pH of the supernatant liquid was 
around 9−10). The final silica was then calcined at 550 ºC 
for 6 h (3 ºC/min) to remove the surfactant. 
Synthesis of Pd NPs. Colloidal Pd NPs were prepared by 
a reduction by solvent method reported by our research 
group.42,44–46 The Pd precursor was palladium acetate 
(Pd(OAc)2, 98%, Sigma-Aldrich) and the capping agent 
used for the synthesis was polyvinylpyrrolidone (PVP 30 
K, Sigma-Aldrich). The preparation was carried out in an 
inert atmosphere using a Schlenk system, according to 
the following procedure. For solution 1, the necessary 
amount of PVP (three PVP/Pd molar ratios were pre-
pared, 1, 10 and 20) was added to 60 ml of ethylene glycol 
in a three-neck round-bottom flask and the solution was 
stirred at 80 °C for 2 h using a magnetic stirrer. For solu-
tion 2, 0.112 g (0.5 mmol) of Pd(OAc)2 were dissolved in 12 
ml of 1,4-dioxane by stirring for 2 h at room temperature 
using also a magnetic stirrer. The color of this solution 
was light orange. 
After that, solution 1 was cooled down to 0 °C in an ice 
bath and 1 M of NaOH solution was added under stirring 
in order to adjust the pH to 10. Then, solution 2 was 
poured into solution 1 under vigorous stirring in order to 
ensure homogenization and the final mixture was heated 
up to 100 °C. The solution changed its color from light 
orange to dark brown, which indicated that the metallic 
colloid had been formed. Then, the temperature was 
maintained for 2 h, time after which the bath was re-
moved and the colloidal suspension was cooled down to 
room temperature. 
Once the colloids were prepared, the Pd NPs were puri-
fied and redispersed in methanol. The purification was 
carried out by pouring an aliquot of NPs colloid into a 
glass bottle, adding an excess of acetone and shaking the 
solution. Then, the supernatant organic phase was re-
moved and the purified NPs were redispersed by stirring 
in a known amount of methanol, so that the final Pd con-
centration was perfectly known. Once the NPs are puri-
fied, they can be stored under ambient conditions for 
long periods of time while retaining their stability against 
sintering. In this study, the colloids were stored in a glass 
bottle for 1 and 6 month (denoted as “aging times” in this 
study), for their further impregnation onto SiO2 support. 
 Support impregnation. The silica support was impreg-
nated by following an impregnation in excess volume 
method with the colloidal methanol suspension of NPs 
for 2 days under magnetic agitation, with the adequate 
volume of metallic colloids so as to achieve a 1 wt. % Pd 
loading. For each PVP/Pd molar ratio (1, 10 and 20), three 
samples were prepared by using different NPs aging 
times, fresh NPs,1 month and 6 months of aging after the 
purification step, respectively, so as to have a total of 9 
samples. After the impregnation step, the solvent was 
removed by heating at 65 ºC under stirring. The resulting 
catalysts were denoted as follow: 
𝑷𝑷 𝒂𝒂𝒂𝒂𝒂 𝒕𝒂𝒕𝒕𝑷𝑷𝑷 𝑷𝑷 � 𝒓𝒂𝒕𝒂𝒓/𝑺𝒂𝑺𝟐. 
A Pd catalyst on silica (1 wt. %) was prepared as a refer-
ence sample by the standard impregnation method and 
using Pd(OAc)2 as precursor for comparison purposes. 
Formic acid decomposition tests. The catalytic tests 
were conducted in a Pyrex reaction vessel (30 ml) sealed 
with a rubber septum and under magnetic agitation. For 
the standard catalytic tests, 50 mg of powder sample and 
9.6 ml of water were introduced in the vessel. In order to 
disperse the sample and obtain an inert atmosphere, the 
catalyst-water suspension was treated in an ultrasound 
bath for 15 min and subsequently bubbled with argon gas 
for 30 min. 0.39 ml of FA were added (final FA concentra-
tion 1 M in water) to the vessel and it was placed in an oil 
bath at 30 °C with magnetic stirring for 3 h. The H2 output 
was monitored periodically by using a Shimadzu GC14B 
equipped with MS5A column. For this purpose, injections 
in the GC were made and the resulting peak areas were 
converted into H2 concentration by using a calibration 
with the corresponding standard gas. The selectivity of 
the reaction was evaluated by checking the CO generated 
at the end of the experiments. The TOF (h-1) was calculat-
ed using the following equation: 
𝑻𝑺𝑶 (𝒉−𝟏) =  𝒑𝒓𝒓𝑷𝒑𝒑𝒕𝑷 𝑯𝟐 (𝒕𝒓𝒎)
𝑷𝑷 𝒑𝒓𝒂𝒕𝒕𝒂𝒕 (𝒕𝒓𝒎) × 𝒕𝒂𝒕𝒕 (𝒉) 
where the produced H2 (mol) was measured at a reaction 
time of 15 min and the Pd content (in mol) is the total 
number of moles of Pd added to each reaction batch, 
taking into account the catalyst weight and the metal 
loading determined by ICP-OES. 
Catalysts characterisation. The mesoporous silica sup-
port and the catalysts were characterised by N2 adsorp-
tion−desorption at −196 ºC and by CO2 adsorption at 0 °C 
(Quantachrome, Autosorb 6B) to analyse the porous tex-
ture of the materials. Apparent surface area values were 
calculated from N2 adsorption isotherms using the BET 
equation (SBET). Total micropore volume (VDR(N2)) and 
narrow micropore volume (VDR(CO2)) were calculated 
applying the Dubinin–Radushkevich (DR) equation to the 
N2 adsorption data at -196 ºC and the CO2 adsorption data 
at 0 ºC, respectively.  
The catalysts were analysed by Fourier Transform Infra-
red Spectroscopy (FTIR-6700, JASCO) in transmittance 
mode in vacuum conditions. All samples were diluted 
using the same catalyst:KBr weight ratio (1:100). In order 
to obtain comparable results, a portion of the mixture (for 
each one of the samples analysed) was ground in an agate 
mortar to homogenise it and then, a cylindrical pellet was 
obtained in a manual mounting press for analysis. This 
technique is useful to analyse the typical IR-bands of the 
PVP and their evolution over time.  
The Pd loading in the catalysts was determined by induc-
tively coupled plasma-optical emission spectroscopy (ICP-
OES), in a Perkin-Elmer Optima 4300 system. The extrac-
tion of the metal was made by treating the samples with 
aqua regia at room temperature and adjusting the Pd 
concentration from 0 to 20 ppm. The samples were also 
characterised by Transmission Electron Microscopy 
(TEM) with a JEOL JEM-2010 microscope operating at 200 
kV with a space resolution of 0.24 nm. For the analysis, a 
small amount of sample was suspended in a few drops of 
hexane, and sonicated for few minutes. A drop of this 
suspension was then deposited onto a 300 mesh Lacey 
copper grid and left to dry at room temperature. TEM 
analyses allowed the determination of the average metal 
particle size by counting at least 100 NPs.46  
CO adsorption experiments for the as-prepared catalysts 
were performed in a BELCAT-M automatic device (BEL 
JAPAN, INC) which had an experimental error of 3 %. For 
each measurement, 30 mg of catalyst were added in a 
quartz tube reactor. Different experiments were conduct-
ed to determine the CO adsorbed at 50 ºC  per mol of Pd. 
As the Pd NPs are partially surrounded by PVP molecules, 
these experiments can provide an estimation of the Pd 
accessibility. 
The electronic states of the elements in the samples were 
determined by X-ray Photoelectron Spectroscopy (XPS) 
using a K-Alpha of Thermo-Scientific spectrometer, 
equipped with an Al anode. Characterisation of the elec-
tronic states of each element was made from the relative 
area of the peaks resulting in the 3d and 1s region of Pd 
and N spectrum, respectively. 
 
RESULTS AND DISCUSSION 
Formic acid decomposition tests. All the catalysts 
(with different PVP/Pd ratio and aging time in methanol 
solution) were tested in the FA decomposition reaction as 
described in the experimental section. It must be noted 
that no induction time (i.e. H2 was immediately produced 
from the beginning of the reaction) for any of the cata-
lysts tested in this study under the experimental condi-
tions used. In Figure 1 and Table 1, the H2 production at 30 
ºC after 180 min is presented. In order to evaluate the 
effect of the aging time, the loss of catalytic activity (as 
compared to the activity of the fresh samples) is also 
listed in Table 1, together with the TOF values. It is worth 
mentioning that in all cases the selectivity towards the H2 
generation was almost 100 %, as no CO was detected at 
the end of the catalytic tests. The control experiments 
conducted with the bare support did not generate any H2 
gas.  
 
  
Figure 1. H2 production after 180 min of reaction at 30 ºC 
for all the studied Pd/SiO2 catalysts normalised by the Pd 
weight. 
 
 
Table 1. Catalytic results of FA decomposition at 30 ºC 
after 180 min of reaction and the loss of catalytic activity 
respect to the counterpart fresh catalysts. 
Sample H2 production at 
180 min (μmol/mg 
Pd) [a] 
Loss of 
activity (%) 
[b] 
TOF (h-
1) [c] 
    
𝑷𝑷𝑶
𝟏/𝑺𝒂𝑺𝟐 151.7 - 17.2 
𝑷𝑷𝟏
𝟏/𝑺𝒂𝑺𝟐 132.6 12.5 16.7 
𝑷𝑷𝟔
𝟏/𝑺𝒂𝑺𝟐 122.6 19.1 15.7 
𝑷𝑷𝑶
𝟏𝟏/𝑺𝒂𝑺𝟐 186.5 - 18.4 
𝑷𝑷𝟏
𝟏𝟏/𝑺𝒂𝑺𝟐 152.4 18.3 17.4 
𝑷𝑷𝟔
𝟏𝟏/𝑺𝒂𝑺𝟐 139.1 25.4 16.9 
𝑷𝑷𝑶
𝟐𝟏/𝑺𝒂𝑺𝟐 217.8 - 23.4 
𝑷𝑷𝟏
𝟐𝟏/𝑺𝒂𝑺𝟐 152.4 48.6 16.2 
𝑷𝑷𝟔
𝟐𝟏/𝑺𝒂𝑺𝟐 83.9 61.5 12.3 
[a] Normalised H2 production per mg of Pd calculated by 
ICP-OES results (vide infra). 
[b] Catalytic activity decay (%) with respect to the fresh 
catalyst counterpart. 
[c] Initial TOF values (15 min of reaction) normalised by 
real metal loading obtained by ICP-OES. 
 
 
The data plotted in Figure 1 revealed that the catalytic 
activity towards H2 production showed a very important 
dependence on both PVP/Pd ratio and aging time. As it 
can be seen, for the three PVP/Pd ratios under investiga-
tion, the largest H2 production was achieved for the fresh 
samples and a progressive decay of the catalytic activity 
was appreciated with the aging time (1 and 6 months), 
being much more pronounced in the case of the catalysts 
prepared from the colloid with a PVP/M ratio of 20. As it 
can be seen in Table 1, samples prepared from aged col-
loids with PVP/Pd ratio of 20, suffered a dramatic catalyt-
ic activity decay (48.6 and 61.5 % on the basis on the fresh 
sample, for aging times of 1 and 6 months, respectively), 
while more gradual decays were detected for the other 
two PVP/Pd ratios investigated. Concerning the PVP 
content effect, it was observed that the H2 produced by 
the fresh samples was higher as the PVP used for the 
colloidal synthesis increases (151.7, 186.5 and 217.8 μmol of 
H2/mg. Pd for the fresh samples with PVP/Pd ratios of 1, 
10 and 20, respectively). These catalytic activity trends 
correlated well with the initial TOF values (calculated on 
the basis of Pd loading) for the three sets of catalysts.  
On the other hand, for the Pd impregnated sample only 
20.4 μmol of H2/mg Pd were obtained after 180 min of 
reaction. This H2 production is very low compared with 
the PVP capped Pd NPs, which evidenced the potential 
beneficial effects of the capping agent in catalyst synthe-
sis, as it was previously reported elsewhere.9,24 
The strong dependence of the catalytic performance on 
the PVP/Pd ratio and aging time might be related to the 
Pd NPs characteristics, in terms of catalytic sites accessi-
bility, NPs size, or electronic features. Then, to elucidate 
the influence of the studied parameters in the catalytic 
behaviour towards the H2 production from the FA dehy-
drogenation, further characterisation results are included 
in the following section. 
Characterisation of the catalysts. The textural analysis 
of the pure SiO2 used as support shows a combination of 
type I and type IV isotherms, typical of mesoporous mate-
rials with a hysteresis cycle and a certain degree of mi-
croporosity inherent to the silica. The SiO2 presented a 
specific surface area of ∼230 m2/g calculated by the BET 
method, with a pore size distribution ranging from 5 to 20 
nm (with the maximum at around 16 nm) calculated by 
the BJH model applied to the desorption branch of the 
isotherm. The mesoporous SiO2 has a very low specific 
micropore volume of 0.09 cm3/g in N2 adsorption accord-
ing to the Dubinin−Radushkevich method. The SiO2 used 
as support of the catalysts also showed macroporosity 
produced during the hydrothermal treatment at 120 ºC. 
This macroporosity is due to the interparticle gaps be-
tween the SiO2 μ-spheres (between 4-6 µm of diameter) 
formed by the spinodal decomposition during the hydro-
thermal step.47 No significant changes in the textural 
properties were observed after the impregnation of the Pd 
NPs in any catalyst.  
In order to analyse the PVP presence in the Pd based 
catalysts, all the catalysts, the pure SiO2 and the raw PVP 
were submitted to FTIR analysis. The results are present-
ed in the Figure 2. 
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Figure 2. Transmitance FTIR spectra of the main catalysts 
prepared in this work. A) Comparison between the fresh 
catalysts, SiO2 support and raw PVP. B) FTIR spectra of 
the fresh samples and the 6 months aged counterparts.
 
 
In Figure 2A, the FTIR spectrum of the pure PVP is pre-
sented and its characteristic bands can be observed; 
around 1280 cm-1 the two stretching vibrations of the two 
N-C bonds, between 1300 and 1480 cm-1 the typical C-H 
vibrations of the PVP, close to 1500 cm-1 the N-C stretch-
ing of the N-C=O group and finally the most intense band 
corresponding to the C=O stretching at 1660-1675 cm-1.21 
At the top of the plot, the FTIR spectrum of the SiO2 used 
as support of the Pd NPs is also shown. A very strong 
absorption of the pure SiO2 is observed at around 1000-
1300 cm-1 due to its fundamental framework vibrational 
modes. Two more bands are observed in the FTIR spec-
trum located at 1630 and 1860 cm-1. The band located at 
1630 cm-1 can be assigned to bending vibration of water 
molecules and the other band corresponds to bulk Si-O 
combination mode.48 For the fresh catalysts represented 
in Figure 2A, it is possible to observe the presence of the 
characteristic PVP signals but it is quite difficult to differ-
entiate the bands under 1300 cm-1 due to the high intensi-
ty of the SiO2 bands. It is possible to see that the intensity 
of the PVP bands in the fresh catalysts is proportional to 
the amount PVP used in the synthesis of the NPs. 
Some modifications in the FTIR spectra are observed in 
the fresh catalysts with respect to pure PVP. The presence 
of a new band located at around 1730 cm-1 in all the sam-
ples and a slight shift of the band of the carbonyl group 
(1650 cm-1) to lower wavenumber values can be observed 
which is clearly observed for the sample with the lowest 
amount of PVP (𝑃𝑃𝐹1/𝑆𝑆𝑆2). As it is explained in the in-
troduction, the previously reported interaction between 
Pd and carbonyl group of the PVP molecules is based in a 
charge transfer from metal to the carbonyl group. This 
interaction decreases the carbonyl bond strength displac-
ing the typical IR band to slightly lower wavenumber 
values. In this sense, different carbonyl species (interact-
ing and non-interacting with the metal NPs surface) 
might be present in the catalysts. One possibility accord-
ing to a previous study in similar materials27 is that the 
band at 1650 cm−1 (shoulder in the 𝑃𝑃𝐹20/𝑆𝑆𝑆2 and 
𝑃𝑃𝐹
10/𝑆𝑆𝑆2 case but band in the 𝑃𝑃𝐹1/𝑆𝑆𝑆2) could be as-
cribed to the CO stretching of the pyrrolidone rings inter-
acting with the Pd on the NPs surface and the band of the 
non-interacting CO was located at 1670 cm−1 (as in the 
pure PVP). In our fresh catalysts, both bands are observed 
and when the amount of used PVP in the synthesis is 
reduced to 1 the band located at 1650 cm-1(associated to 
the Pd species interaction with the carbonyl groups of the 
PVP) is clearly observed. The assignation of the band 
located at 1730 cm-1 is quite controversial; some studies21 
have assigned this band to the O=C-O (ester groups) 
formed when the PVP ring is broken due to the bridged 
interaction with Pd particles with sizes over 10 nm or 
some ring opening due to the basic conditions used in the 
synthesis. From our earlier observations27, another possi-
ble assignment for the band at ∼1730 cm−1 might be the 
C=O stretching of the pyrrolidone rings directly interact-
ing with the metal surface. 
On the other hand, as the aging time (time during which 
the colloid is suspended in methanol) increases some 
changes in the FTIR spectra are observed. For the sake of 
brevity, only the spectra of the fresh and 6 months aged 
samples are plotted in Figure 2B. In the region of C-H 
vibrations (from 1300 to 1480 cm-1) a slight decrease of the 
IR bands intensity is observed for the samples prepared 
with the PVP/Pd ratio 20 but it is quite difficult to see this 
effect in the other catalysts series due to the small 
amount of PVP. According to this and the previously 
reported results, it is possible to understand the diminu-
tion of the intensity as an evidence of the PVP dissolution 
in the methanol suspension.27 Another important change 
is observed over time: the intensity of the band located at 
1730 cm−1 decreased after 1 and 6 months. So according to 
our results the band located at 1730 cm-1 must correspond 
to a weak interaction (due to its fast disappearance) be-
tween an intermediate species of the PVP and the Pd 
surface. 
Figure 3 shows the TEM micrographs of the as-prepared 
catalysts and their respective histograms obtained from a 
100-particle count. The average NP size of the different 
fresh samples is 4.8±1.6 (with the presence of larger parti-
cles as observed in its respective bimodal histogram, in 
which the majority of the population of NPs are located in 
the smallest size range), 3.7±0.7 and 3.5±0.7 nm for the 
catalysts prepared with a PVP/Pd ratio of 1, 10 and 20, 
respectively. Coalescence of different NPs was not ob-
served for any of the samples. As it was previously report-
ed, the amount of PVP using during the synthesis of noble 
metal NPs has an important effect on their size.20,41 As it 
was expected, lower PVP/Pd ratios led to larger NPs, 
which is particularly evidenced in the case of PVP/Pd=1, 
where NPs as large as 9-10 nm were detected. As it can be 
seen in the TEM micrographs, the 6-months aged samples 
did not show any significant change as compared with the 
fresh catalyst counterparts, neither in NP size nor in mor-
phology. This indicates that the Pd NP suspensions in 
methanol are stable against the NPs agglomeration and 
size modification for several months, as reported previ-
ously.27 As no significant difference in NPs size was ob-
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 served after 6 months of the purification step, the cata-
lysts prepared with the 1 month aged NPs were not ana-
lysed. 
 
 
Figure 3. TEM images of the fresh and 6 months aged 
catalysts together with their corresponding NP size histo-
grams.
 
Table 2. Results of the catalysts characterisation, in 
terms of metal loading determined by ICP, average NPs 
size, CO adsorption experiments, as well as the electron-
ic state determined by XPS. 
Sample 
Metal 
loading 
(%)[a] 
NPs 
diame-
ter (nm) 
CO ad-
sorption[b] 
(mol 
CO/mol 
Pd) 
Pd (%)[c] 
    Pd0 Pdδ+ 
𝑷𝑷𝑶
𝟏/𝑺𝒂𝑺𝟐 0.97 4.8 ± 1.6 0.042 72.8 27.2 
𝑷𝑷𝟏
𝟏/𝑺𝒂𝑺𝟐 1.05 - 0.059 77.0 23.0 
𝑷𝑷𝟔
𝟏/𝑺𝒂𝑺𝟐 1.05 4.9 ± 1.7 0.075 80.1 19.9 
𝑷𝑷𝑶
𝟏𝟏/𝑺𝒂𝑺𝟐 1.10 3.8 ± 0.7 0.016 73.7 26.3 
𝑷𝑷𝟏
𝟏𝟏/𝑺𝒂𝑺𝟐 1.00 - 0.030 81.1 18.9 
𝑷𝑷𝟔
𝟏𝟏/𝑺𝒂𝑺𝟐 0.92 3.7 ± 0.5 0.050 83.5 16.5 
𝑷𝑷𝑶
𝟐𝟏/𝑺𝒂𝑺𝟐 1.01 3.5 ± 0.7 0.027 80.7 19.3 
𝑷𝑷𝟏
𝟐𝟏/𝑺𝒂𝑺𝟐 1.10 - 0.040 77.8 22.2 
𝑷𝑷𝟔
𝟐𝟏/𝑺𝒂𝑺𝟐 1.09 3.6 ± 0.7 0.058 71.3 28.7 
[a] Metal loading (wt. %) calculated by ICP-OES analysis. 
[b] The Pd normalised results are calculated with ICP-
OES metal loading.  
[c] Electronic state of Pd calculated by XPS results. 
 
 
As it can be seen from the results included in Table 2, the 
amount of CO adsorbed is strongly dependent on the 
PVP/Pd ratio as well as on the NPs aging time. It seems 
that there is not a very clear trend for the amount of CO 
adsorbed by the fresh catalysts with different PVP/Pd 
ratios, as this adsorption might be affected by several 
aspects, such as the NP size, electronic state of the Pd 
atoms in the surface of the NP, as well as by the polymer 
coverage. In this respect, it would appear that in the case 
of the sample prepared with the lowest PVP/Pd ratio, the 
amount of PVP in solution is not enough to surround all 
the newly formed metal nanoparticles, which in turn 
results in this bimodal particle size distribution, with the 
larger particles being thus incompletely coated with PVP 
molecules. This in turn provides a much more accessible 
surface for the adsorption of CO molecules, as evidenced 
from our results in which the samples prepared with a 
PVP/Pd ratio of 1 present the largest CO adsorption at any 
given aging time. The evolution of the CO adsorbed by 
the samples with the same PVP/Pd ratio and different 
aging times could provide useful information. In this 
sense, as the Pd NPs are surrounded by a polymer protec-
tive shell, not all Pd surface sites are available and the 
amount of CO adsorbed can be considered as an estima-
tion of the accessible Pd sites, irrespective of their being 
Pd0 or Pdδ+ as it has been previously reported.49,50 Accord-
ing to this, the increase in the CO adsorption with the 
aging time can be attributed to the PVP dissolution from 
the NPs surface when the colloid is suspended in metha-
nol (as it has been seen by FTIR) producing an increase of 
the accessible Pd sites in the NPs surface. Thus, the dif-
ferences in the adsorbed CO can be attributed to the 
polymer coverage/protection of the PVP on the NPs sur-
face and the free accessible Pd.  
Regarding the XPS results of the catalysts some properties 
of the materials can be extracted. On the one hand, XPS 
allows differentiating between the Pd electronic states in 
the catalysts. It is reported that the interaction between 
the metal surface and the carbonyl group of the PVP acts 
withdrawing electron density from the metal particles 
surface, which produces an apparent presence of electron 
deficient states (or Pdδ+). During the synthesis the metal 
ions dissolved in the ethylene glycol have a strong inter-
action with the carbonyl groups of the PVP which facili-
tates the nuclei formation, this interaction remains when 
the NPs are formed and are responsible for this electron 
deficient Pd species.7,27,51 Pd 3d XPS spectra of fresh and 6 
months aged catalysts are presented in Figure 4A. In 
these spectra it is possible to identify two peaks corre-
sponding to the 3d5/2 and 3d3/2 transitions, which can be 
each deconvoluted into 2 different peaks (resulting in a 
total of 4 peaks); at 335.5 and 340.4 eV, corresponding to 
the signal of Pd0 (green), and at 337.0 and 342.2 eV associ-
ated to the presence of Pdδ+ (black).20 In this sense, for all 
10 nm
10 nm
10 nm
10 nm
10 nm
10 nm
 the catalysts prepared and analysed in this work, a frac-
tion of Pd0 and Pdδ+, even for the fresh NPs, is obtained. 
As it can be seen from the results listed in Table 2, similar 
Pdδ+ percentages (close to 27 %) are obtained for the sam-
ples 𝑃𝑃𝐹1/𝑆𝑆𝑆2 𝑎𝑎𝑃 𝑃𝑃𝐹10/𝑆𝑆𝑆2 and the small differences 
observed (probably due to the experimental error) might 
indicate that a similar interaction between the carbonyl 
group of the PVP and the Pd NPs surface takes place in 
these samples. However, an unexpected value is observed 
for the sample prepared with higher PVP/Pd molar ratio 
(𝑃𝑃𝐹20/𝑆𝑆𝑆2). It was expected that the higher PVP content 
in this sample favored the Pd-carbonyl interactions, lead-
ing to the highest Pdδ+ %, as a consequence of the elec-
tron density transfer from Pd NPs surface to the CO 
group. However, the Pdδ+ content in 𝑃𝑃𝐹20/𝑆𝑆𝑆2 is the 
lowest among the fresh samples investigated (~19 %). 
These results might indicate that additional effects should 
be considered when analysing the electronic features of 
the studied Pd NPs.  
The observation of the Pd 3d XPS spectra of samples 
𝑃𝑃20/𝑆𝑆𝑆2 (Figure 4A) revealed a significant displacement 
of the 3d5/2 transition peak to lower binding energies (BE) 
for this fresh sample as compared to 𝑃𝑃𝐹1/𝑆𝑆𝑆2 𝑎𝑎𝑃 𝑃𝑃𝐹10/
𝑆𝑆𝑆2, indicating that the electronic features of the sam-
ples prepared with the highest PVP content are different 
from those in the 𝑃𝑃1/𝑆𝑆𝑆2 and 𝑃𝑃10/𝑆𝑆𝑆2 series of cata-
lysts. In order to get a better insight into the PVP-metal 
interaction, the N 1s spectra are shown in Figure 4B. As it 
can be seen, samples 𝑃𝑃1/𝑆𝑆𝑆2 and 𝑃𝑃10/𝑆𝑆𝑆2 showed 
only one peak located at 399.9 eV ascribed to the pure 
pyrrolidone groups,8 indicating that the N groups do not 
interact with the Pd surface or their interaction does not 
modify the N electronic properties. However, for the cata-
lysts prepared with the highest PVP/Pd ratio (20), a new 
peak is observed at higher binding energies (400.9 eV) for 
both fresh and aged NPs, which might be correlated to 
the presence of electron deficient N groups.8,21 This fact 
revealed that when a high PVP content is used in the Pd 
NPs synthesis (PVP/Pd=20), the polymer molecules do 
not only interact with the Pd surface through the CO 
groups by withdrawing electron density from the metal 
surface, but there is also a charge transfer from the N 
groups of the PVP molecules to the metal surface (by 
bridged interaction but without the PVP-ring breakage 
(401.6 eV)),8 which results in the electron density Pd en-
richment (in Pd0 content and XPS Pd peak displacement 
to lower BE) observed in the fresh 𝑃𝑃20/𝑆𝑆𝑆2 as compared 
to and 𝑃𝑃1/𝑆𝑆𝑆2 and 𝑃𝑃10/𝑆𝑆𝑆2.8,9 
Another important aspect to be considered is the evolu-
tion of the relative proportion of Pd0 with the aging time 
for the different PVP/Pd ratios under study. In this sense, 
when the aging time increases, an increase of the Pd0 
percentage in observed for the catalysts prepared with the 
PVP/Pd ratio of 1 and 10. This effect is in good agreement 
with the previously reported study27 and it is a clear result 
of the PVP dissolution in the methanol solvent when the 
NPs colloids are stored before their loading onto the sup-
port. When the PVP is progressively removed from the 
NPs surface, the relative proportion of Pd0 increases as a 
consequence of the undermined electronic transfer from 
the Pd surface to the carbonyl groups of the polymer 
molecules. 
However, for the highest PVP/Pd ratio studied (20), the 
opposite effect is observed. In this set of catalysts the Pd0 
(or electron rich metal specie) amount decreases progres-
sively from 80.7 % in the fresh samples to 71.3 % in the 6 
months aged sample. This decrease in the electron rich 
Pd content agrees well with the PVP dissolution in the 
colloid with the aging time (as the N groups responsible 
of the electronic transfer to the Pd surface are progres-
sively detached from the metal surface) then removing 
essentially the interaction with the carbonyl groups. 
On the other hand, the N/Pd ratio of the samples can be 
obtained analysing the quantitative XPS results of the N 
and the Pd. The different N/Pd ratios calculated from XPS 
analysis shows the amount of the PVP used in the synthe-
sis and its progressive dissolution of the PVP in the meth-
anol suspension. As it was expected, for the fresh samples, 
the N/Pd ratio increases with the PVP/Pd ratio used in 
the colloids synthesis (2.3, 4.2 and 10.8 respectively from 
the 𝑃𝑃𝐹1/𝑆𝑆𝑆2 to the 𝑃𝑃𝐹20/𝑆𝑆𝑆2 catalysts). When the fresh 
catalysts are compared with their 6 months aged coun-
terparts, a decrease in the N/Pd ratio is observed for the 
three sets of catalysts (1.4, 3.2 and 5.8, for PVP/Pd of 1, 10 
and 20, respectively). This effect is also an evidence of the 
previously reported results of the partial dissolution of 
the PVP in methanol along the time after the purification 
of the NPs.27  
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 Figure 4. A) Pd (3d) and B) N (1s) spectra of the fresh and 
6 months aged catalysts.  
 
 
Once the catalytic results in FA decomposition and the 
most relevant characterisation were presented, a critical 
discussion of the results is included in this section. As it 
was claimed previously, a very strong dependence be-
tween the catalytic FA decomposition reaction and the 
evolution of the PVP and Pd NPs over time in the colloid 
suspension in methanol is observed. In this sense, there 
are some effects, analysed in this work, which may be very 
influential in the FA decomposition due to the modifica-
tion of the Pd surface features. These effects can be dis-
tinguished and summarised as follows:  
i)  Some studies emphasized the problem of PVP 
coverage and Pd accessibility of the NPs surface when 
PVP is used as capping agent for the protec-
tion/stabilisation of the noble metal NPs during their 
synthesis.11,13,24 The coating of the polymer around the NP 
prevents their agglomeration and is also responsible for 
the reduction of its available surface due to the partial 
blocking of possible active sites in the reaction. However, 
the beneficial effect of the PVP presence on the NPs sur-
face must be taken into account.9,24,25 Some authors re-
ported that the PVP anchored on the surface of the NPs 
can increase the specific catalytic activity of the free Pd 
active sites. In this sense, it was addressed that, in some 
cases, the specific catalytic ability of the Pd sites is in-
versely proportional to the Pd accessibility (i.e. lower Pd 
accessibility resulted in few Pd active sites with strength-
ened catalytic ability).24 According to previous studies,37,39 
the FA dehydrogenation reaction mechanism goes 
through a palladium-formate (Pd-[HCOO]-) intermediate, 
and therefore the catalytic performance is strongly de-
pendent on the Pd surface features. The Pd surface deac-
tivation due to the occupation of active sites by reaction 
intermediates compounds (such as H+, CO2, H2O and/or 
HCOO-) has been also studied by Hu et al..52 In this sense, 
the increase in Pd accessibility due to PVP dissolution 
might favor the adsorption of intermediates on the Pd 
surface, leading to space exclusion and repulsive adsorb-
ate-adsorbate interaction that would finally decline the 
catalytic ability in the H2 production.  
ii) The NP size must also be taken into account in 
order to compare the catalytic activity in FA decomposi-
tion tests. Recently, the relationship between the Pd NP 
size (supported on an activated carbon material) and the 
H2 output by FA decomposition has been described as a 
volcano plot between 2.7 and 5.5 nm of NPs average size, 
observing the highest activity in the FA decomposition for 
the Pd NPs with an average size of 3.9 nm.41  
iii) The electronic state of the Pd is a very important 
parameter in the FA decomposition. In all cases, the pre-
reduction of the catalysts when the Pd is added to the 
support is mandatory to obtain Pd in its metallic form, 
which is the active state of Pd in the catalytic decomposi-
tion of the FA.38,53 A different approach studied in our 
research group was the alloying of Pd with metals with 
lower ionization potential, such as Ag or Cu, so as the 
resulting Pd species was electronically enriched and an 
enhancement in the activity compared with the non-
alloyed metal was observed.37,40  
In our work, all these effects are interconnected and in 
turn related to the PVP presence in the colloidal synthe-
sis. Furthermore, with the already mentioned PVP disso-
lution in the methanol colloid along the time all these 
effects can be assessed in the catalysts prepared with the 
same NPs. 
Regarding the Pd accessibility effect, the relationship 
between the CO adsorbed on the Pd surface and the ini-
tial TOF values achieved with the three sets of catalysts is 
displayed in Figure 5.  
 
 
Figure 5. TOF values vs the adsorbed CO. Red dots corre-
spond to 𝑷𝑷𝟏 , green to the 𝑷𝑷𝟏𝟏, and blue for the cata-
lysts prepared with the nanoparticles 𝑷𝑷𝟐𝟏. The colored 
arrows indicate the NPs aging time increase in the meth-
anol solution.
 
 
As it can be seen, a slight trend is obtained for the sam-
ples prepared with the NPs 𝑃𝑃1 𝑎𝑎𝑃 𝑃𝑃10. As the Pd ac-
cessibility (in terms of CO adsorbed) on the NPs surface 
increases, the initial catalytic activity (expressed as initial 
TOF) of the catalysts decreases. For the catalysts with the 
highest PVP content, this effect is more pronounced and 
when the adsorbed CO increased from 0.027 to 0.058 mol 
CO/mol Pd, the TOF value decreased considerably (from 
23.4 to 12.3 h-1). This effect is in good agreement with the 
beneficial effect of the use of PVP as capping agent, even 
more so compared with the uncapped-Pd impregnated 
catalysts as reported elsewhere for other reactions.9,20,24,25  
According to NPs size, TEM analysis indicated that the 
PVP/Pd ratio used in the NP synthesis has an important 
effect on the NPs size (4.8, 3.7 and 3.5 nm for PVP/Pd 
ratios of 1, 10 and 20, respectively). The better catalytic 
performance of samples with average NP size of 3.5 and 
3.7 as compared with larger ones is in good agreement 
with our recent study.41 However, as the NPs preserved 
their size and morphology over time, any effect which the 
NPs size may have in the catalytic activity decay towards 
H2 production when aged NPs were used can be ruled 
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 out. In this case the effect of other features might become 
more relevant.  
Upon consideration of the catalytic test results as well as 
the characterisation of the catalysts, it is clear that the 
surface electronic features of Pd NPs might be a key point 
to be considered. As it was previously discussed, an in-
crease of Pd0 content is observed over time for samples 
prepared with PVP/Pd=1 and 10, while a reduction of the 
Pd0 proportion can be clearly appreciated for samples 
with PVP/Pd=20 (results presented in Table 2). According 
to the catalytic activity decay in the FA decomposition 
tests (See Figure 1 and Table 1) and the catalysts charac-
terisation results and previous discussion, a possible in-
terpretation of the different catalytic activity decays can 
be proposed.  
In case of the catalysts prepared with the NPs with a 
PVP/Pd ratio of 1 and 10, a decrease of the activity around 
22 % (in terms of H2 output) and 8 % (in TOF values) 
after 6 months of the NPs purification step are observed. 
For these samples, the dissolution of PVP in the colloids 
with the NPs aging led to an increase of Pd0 percentage 
(as a consequence of the undermined electronic charge 
transfer from the NPs surface to the CO groups of the 
PVP molecules) together with an increase of the Pd acces-
sibility. Then, the slight catalytic activity decay observed 
in these two sets of samples might be due to both com-
pensated effects. It was expected that the increase of sur-
face electron rich Pd species (expressed as Pd0 content) 
with the time would have a positive effect on the catalytic 
ability towards the H2 production, however, the increase 
of the Pd accessibility observed for the aged samples 
might favor the adsorption of reaction intermediates, 
which could lead to space exclusion and repulsive adsorb-
ate-adsorbate interaction that would ultimately decline 
the catalytic ability in the H2 production. It should be 
noticed at this point that the negative effect of the surface 
Pd accessibility increase can be evidenced by the compar-
ison of the activity displayed by samples 𝑃𝑃𝐹1/𝑆𝑆𝑆2 and  𝑃𝑃𝐹10/𝑆𝑆𝑆2 (with similar Pd0 content). Along these lines, 
the better accessibility shown by sample  𝑃𝑃𝐹1/𝑆𝑆𝑆2 as 
compared with sample  𝑃𝑃𝐹10/𝑆𝑆𝑆2 (0.042 and 0.016 mol 
CO/mol Pd, respectively) resulted in a poorer catalytic 
activity in terms of H2 production (151.7 and 186.5 µmol of 
H2 after 180 min of reaction for 𝑃𝑃𝐹1/𝑆𝑆𝑆2 and 𝑃𝑃𝐹10/𝑆𝑆𝑆2, 
respectively). 
Then, for both series of samples, the studied Pd surface 
features (Pd0 content and Pd surface accessibility) are 
partially compensated and result in a final catalytic activi-
ty decay of around 22 % in both sets.  
In the case of the catalysts prepared with the 𝑃𝑃20 NPs, a 
marked reduction of the catalytic ability was observed 
(61.5 % of its initial activity in terms of H2 generation and 
50 % of TOF reduction after 6 months). As in the other 
samples prepared with lower PVP contents, the PVP dis-
solution along the time produces an increase of the Pd 
accessibility, with the subsequent aforementioned possi-
ble steric hindrance drawbacks. However, in these sam-
ples the negative effect of the Pd0 content decrease with 
the aging time (See Table 2) might be an additional nega-
tive factor in declining the ability of the PVP-Pd catalytic 
system towards the H2 production from FA dehydrogena-
tion, resulting in the marked activity decay of around 60% 
after 6 months. 
 
CONCLUSIONS 
Catalysts based on SiO2 supported PVP-capped Pd NPs 
prepared by reduction by solvent methodology were test-
ed in the FA decomposition reaction in liquid-phase. This 
study is focused on the PVP protection effect (with 3 dif-
ferent PVP/Pd synthesis ratios) and their evolution over 
time after the purification step, as well as on their effect 
in the final catalytic performance. With spectroscopy 
techniques as XPS or FTIR and CO adsorption experi-
ments, the PVP dissolution once the colloids were redis-
persed in methanol was evidenced. The progressive disso-
lution of the PVP in the methanol suspension after 6 
months did not have any effect in the Pd NPs size and 
morphology, but it was proven to have a very strong in-
fluence on the Pd NP surface features, in terms of both 
surface electronic properties and Pd sites accessibility. 
The assessment of both characteristics allowed us to elu-
cidate the pivotal role of PVP molecules in affording ac-
tive and stable Pd-based catalysts towards the H2 produc-
tion from FA dehydrogenation. The results herein report-
ed will be a useful tool for the future design of highly 
efficient polymer capped-metal nanoparticles with opti-
mised performances in the H2 production from H2 stor-
age/release materials.  
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